Red osier dogwood ( Cormus stolonifera Michx.) was artificially acclimated by exposing plants to 8-hour short days (SD) and low (15/5 C) temperatures for 54 to 63 days. Several factors including transpiration rate, stomatal resistance, and root conductivity were correlated so that the rate of water loss in acclimating plants was higher during the first 30 to 40 days of the acclimation sequence. Six days after transferring plants to SD conditions, the stomatal resistance (r.) decreased significantly below the r. during cold acclimation. Since red osier dogwood commonly grows in wet areas, it seemed an excelient plant for a study of decreasing water content as an aspect of acclimation. It is also easily propagated clonally and is hardy to below -100 C when fully acclimated. Given the characteristics of this woody plant and what we know already about acclimation, the question proposed for this study was "Has red osier dogwood developed a natural system for partial dehydration involving stomatal and root resistance which correlates with its increase in hardiness?". The data presented in this paper suggest that the answer to this question is yes.
Many woody plants, including red osier dogwood (Cornus stolonifera Michx.), decrease in water content as they acclimate to winter conditions. Since this species of dogwood often grows on river banks, marshes, and low lying meadows, it is particularly interesting that the plant decreases in water content even though its roots are frequently in fairly wet soils. At least two explanations have been offered as to the means by which plants can decrease in water content. One possibility is that the plant stops growing in the late summer, but photosynthate continues to be produced. Thus the ratio of fresh wt to dry wt decreases as the plant acclimates to cold. The other hypothesis suggests that plants lose water faster than they take it up during cold acclimation. McKenzie et aL (15) suggested that this extra water loss could occur by: (a) increased leaf stomatal opening; and (b) increased resistance of the roots which restricts water uptake.
This study was carried out to follow in more detail the changes in stomatal resistance, water uptake, and water loss by plants ' during cold acclimation. Since red osier dogwood commonly grows in wet areas, it seemed an excelient plant for a study of decreasing water content as an aspect of acclimation. It is also easily propagated clonally and is hardy to below -100 C when fully acclimated. Given the characteristics of this woody plant and what we know already about acclimation, the question proposed for this study was "Has red osier dogwood developed a natural system for partial dehydration involving stomatal and root resistance which correlates with its increase in hardiness?". The data presented in this paper suggest that the answer to this question is yes.
MATERIALS AND METHODS Materials and Treatments. Dogwood plants (C. stolonifera
Michx.) were acclimated in growth chambers by-exposing them to short photoperiods followed by lower temperatures as described by van Huystee et al. (19) and Fuchigami et al. (4) . A climatic race of red osier dogwood native to Dickinson, N. D. was used in all studies. Rooted cuttings were transplanted in 15-cm pots in a 3:2:2 mixture of soil, sand, and peat and raised in a greenhouse. During growth, plants were trained to grow with two main leaders which were approximately the same size and had the same number of leaves. Plants were grown for 8 to 10 weeks in a greenhouse with a 20/15 C day/night temperature regime and a 16-hr photoperiod (natural daylength which was extended with incandescent and mercury vapor lamps). They were then transferred to growth chambers having a 16-hr long day (LD)2 photoperiod. A week later, half of the plants were moved to a chamber having an 8-hr short day (SD) for cold acclimation and the remainder were left in the 16-hr LD photoperiod. In both SD and LD conditions, both incandescent and cool-white fluorescent lights were on for the first 8 Root conductivity was measured by detopping the plants and applying a vacuum of 58 cm Hg (summer group) or 11.4 cm Hg (autumn group) (0.76 atm and 0.15 atm, respectively) to the root systems for several hr. Conductivity was expressed as the amount of liquid pulled through the roots during the time I to 3 hr after the vacuum was first started. Root conductivity changes on a diurnal basis (17) and in this study, conductivity measurements were started at the same time (1200 hr) to reduce the diurnal effects. When the thermoperiod was 20/15 C, root conductivity was measured at 20 C. When the thermoperiod was lowered to 15/5 C, conductivity was measured at 15 C.
Stem hardiness was determined by freezing 2.5-cm-long sections from the middle of the plant according to methods previously described (12, 14) . The cut ends of the samples were tied to moistened cheesecloth strips and placed in Thermos flasks. The flasks were placed in a freezer and removed at successively lower tissue temperatures (2 C intervals). Samples were thawed overnight at 5 C and then incubated in a humid chamber at 20 C for 2 weeks. Samples were rated for damage according to the method of McKenzie et al. (14) . The accuracy range of this method is approximately ±2 C. Stem water content was determined by measuring fresh wt of 2.5-cm sections and dry wt after drying samples for 48 hr in an 85 C oven.
RESULTS
Stomatal Resistance. Within 6 days after the start of the SD treatment, the stomatal resistance of the SD plants was significantly lower than that of the LD plants (Table I and Fig. 1 (Figs. 2 and 3) . Transpiration. Within 6 days after the start of the SD treatment, the transpiration rate of SD plants was 28 to 32% higher than that of the LD plants (Table I and Fig. 2 ). SD plants maintained higher transpiration rates for the first 32 to 40 days of acclimation. Later in acclimation, SD plant transpiration decreased until it was significantly lower than the LD plants. By the end of the acclimation sequence, SD transpiration rate was 65 to 71% of the LD rate. This trend of an initial greater transpiration rate in SD plants followed by a lower transpiration rate later on was similar in both summer and autumn groups.
Leaf Xylem Water Potential. During the first 30 to 48 days of group I acclimation sequence, leaf xylem water potentials were similar in both LD and SD plants (Table I) . In group II, SD leaf Iw was commonly lower than the LD leaf Iw (Fig. 3) . However, toward the end of the acclimation period when the stomates had closed, leaf Iw of the SD plants increased sharply to -1 bar (SE ± 0.2 bar). During the last 10 to 15 days of the acclimation, SD leaf Iw became significantly higher than LD leaf Iw. The time when the SD plant water potential started to rise above the LD plant Iw occurred when the stems were hardy in the range of -12 to -1SC.
Hardiness Level or Lowest Survival Temperature. Approximately 2 to 3 weeks after the start of the SD treatment, the hardiness of the SD plants started to increase (Table I and Fig. 4) . Three or 4 weeks after the start of the experiments, the SD plants were noticeably hardier than the LD plants. After the temperature was lowered to 15/5 C, hardiness continued to increase by 10 to 12 C in the SD plants but only by 2 to 3 C in the LD plants.
Root Conductivity. In the summer group, there were no significant differences in root conductivity between LD and SD plants during most of the acclimation period (Fig. SA) . This is in contrast with the data in the fall group (Fig. 5B) where SD roots always had a lower conductivity (higher resistance) than the LD roots. By the end of the acclimation sequence, the conductivity of the SD roots was one-third to one-half the conductivity of the LD roots in both summer and autumn groups. The lower root conductivity of acclimating plants in the SD conditions (Fig. SB) may help partially explain the decrease in stem water content seen in Figure 6 .
Stem Water Content. As hardiness increased during acclimation, the water content of the SD plants gradually decreased (Fig.  6) . By the end of the sequence, the stem water content of the SD plants was 50 to 55% of the LD plant water content. ation rate dropped below the LD plant rate. These combined root conductivity in the SD plants was always lower than the LD factors had a slight effect on leaf water potential and the stem plants. This decreased root conductivity could also tend to dedecreased in water content as the plant acclimated. In the autumn, crease stem water content. Field studies have shown a decrease in transpiration similar to the decrease observed at the end of our acclimation sequence (7, 20) . Parker (16) showed that transpiration in several evergreen species greatly decreased in the winter and that this was related to stomatal closing. Kozlowski (7) authors have reported on the photoperiodically induced increase in transpiration (10, 13) , and few have related it to plant water status and hardiness.
Krizek and Milthorpe (10) reported changes in transpiration and stomatal resistance of photoperiodically induced and noninduced Xanthium plants. Induced plants initially had transpiration rates about 11% higher than noninduced plants and this higher rate lasted throughout the first 20 days. After day 20, the transpiration rate of the induced plants dropped rapidly and remained below the rate of the noninduced plants. Data from their study suggested that SD and photoperiodic induction set up a sequence of events which influenced stomatal movement and eventually led to leaf senescence and death. Although Krizek and Milthorpe (10) were not considering cold acclimation, our results show that acclimating dogwood has similar stomatal behavior to that observed in photoperiodically induced Xanthium.
The reason for the increased stomatal opening when plants are transferred to SD conditions is still unclear. Loveys et al. (13) found an increased photosynthetic rate and increased stomatal conductivity after yellow birch plants were placed in SD. They also found a decrease in leaf ABA level and suggested that the ABA change could alter the degree of stomatal opening.
McKenzie et al. (14) noted that dogwood plants hardened rapidly at certain times of the year and that natural endogenous rhythms could alter the plant response to changes in day length. Our data suggest that a possible factor relating to different acclimation rates could be the rate of change in root resistance. Annual rhythms may affect the rate of hardening to a certain extent. October to December is the time when dogwood is normally in physiological rest. During this time, root resistance of SD plants increased at a faster rate (Fig. 5B ). Higher root resistance was found in cold-hardened winter rape (6) , suggesting that root resistance may play a role in the rate of cold acclimation.
It has been shown that artificial dehydration or suboptimal irrigation can increase freezing resistance in dogwood (1, 2, 11) . By internal changes of transpiration rate and root conductivity as demonstrated in these results, a well watered plant could impose a mild water stress on itself that could promote a certain degree of hardening. In the field, cool soil temperature can further reduce water uptake (8, 9) . This reduction could result in a greater decrease in stem water content. Stem water content or WSD alone does not determine hardiness, but Chen et al. (2) found a good correlation of WSD with dogwood hardiness in the range of -6 to -12 C.
It appears that a number of processes in dogwood including stomatal behavior, root conductivity, and transpiration rate are affected by a decrease in day length and that these processes in turn may lead to an increase in the hardiness of the plant.
